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Figure 2. Translation of the luciferase protein. (A) Autoradiogram of a 12%
SDS-PAGE analysis of the [35S]methionine labelled translated products from
the RNA template. Aliquots of 5 u.g RNA were reacted with 0.5,5.0,50 and 200
\iM mustard and then subjected to a rabbit reticulocyte lysate translation system
at 30°C for 2 h. Untreated RNA template is labelled as control. Approximate
molecular weights of the translated products are shown on the right hand side
of the autoradiogram. (B) Quantitation of the translated products. The intensity
of the full length 62 kDa protein and the lower molecular weight truncated
products (-19 kDa, insert) are shown in panel A. The relative number of all
polypeptides chains in each lane is shown in panel B.

RNA template resulted in the production of truncated polypep-
tides in contrast to untreated RNA template where all initiated
chains reached full-length (62 kDa)

Luciferase assay

The luciferase protein is monomeric and does not require further
processing for functional activity. The activity of this protein
could therefore be assayed directly from the translation mixture.
An aliquot of the translation mixture was added to the luciferase
reagent and the chemiluminescence intensity measured using a

2 3 4
Reaction time (h)

Figure 3. Luciferase chemiluminescence assay. The effect of reaction time of
mustard with the DNA ( • ) and RNA ( • ) templates on the activity of the
luciferase protein is shown. Aliquots of DNA (3 |lg) were reacted with 50 nM
mustard and RNA (5 |ig) were reacted with 50 (iM mustard at 37 °C for a
varying alkylation times between 0 and 6 h. The alkylated templates were then
subjected to the appropriate translation system and incubated at 30°C for 2 h.
Aliquots of 5 jxl of the reaction mixture were added to 50 nl of the luciferase
assay reagent and the intensity of emitted light measured using a luminometer.

luminometer. Figure 3 shows the intensity of chemiluminescence
emitted as a function of reaction time of the DNA template with
50 nM mustard and of the RNA template with 50 uM mustard.
Because nitrogen mustard reacts rapidly with DNA (22) the zero
time point values were determined using unalkylated DNA and
RNA templates. The intensity of emitted light decreased with
increasing reaction time for both cases and no enzymatic activity
was detectable after a 4 h reaction time. The half-life loss of the
luciferase activity was 0.5 and 1.1 h for the alkylated RNA and
DNA templates, respectively, as determined by fitting to a single
exponential decay model.

Primer extension

Because coupled transcription and translation of the gene product
was inhibited at very low concentrations of mustard (nanomolar
amounts), it was necessary to verify that the DNA was indeed
alkylated at these concentrations and to establish the preferred
alkylation sites. A primer extension assay was therefore
employed to detect alkylation sites on the DNA template. The
plasmid DNA encoding the luciferase gene was alkylated with
various concentrations of mustard for 60 min at 37 °C prior to
analysis. Mustard-induced blockages were evident after treat-
ment of the DNA with 0.1 and 0.5 uM nitrogen mustard. Figure
4A shows mustard-induced blockage of progression of Taq
polymerase along the DNA template. With the alkylated DNA,
Taq polymerase was blocked at sites corresponding to mustard
induced adducts. Figure 4B shows the relative intensity and
location of the blockage sites on the template DNA. Of the 130 bp
sequenced 36 blockages were detected of which 35 were located
at guanine residues. At 200 \iM mustard the Taq polymerase
activity was almost totally inhibited. With the unalkylated
template, the Taq polymerase was able to extend fully to yield the
full-length product.

Formation of gel-retarded complexes

A gel mobility shift assay was used to examine the ability of
ribosomes (and/or proteins) to bind to alkylated RNA. Figure 5
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Figure 4. Alkylation sites on the DNA template. (A) Autoradigram of a 12% polyacrylamide gel showing the effect of mustard alkylation on the processivity of Taq
polymerase. Aliquots of the pPOLY(A)-luc DNA were alkylated with 0.1,0.5 and 200.0 |XM mustard and then subjected to 30 cycles of denaturation, primer annealing
and extension. The lanes labelled dG, dC, dA and dT are the sequencing lanes. Untreated DNA is denoted as CONTROL. The length of the newly synthesised DNA
strand is numbered with respect to the +1 start of RNA synthesis. (B) Quantitation of the alkylation sites. The location and relative intensities of the Taq polymerase
blockage sites [0.5 (lM lane of (A)] are shown with respect to the sequence of the template DNA strand, numbered with respect to the+1 site of the transcribed message.
The position of the start codon is underlined.

shows the effect of alkylating RNA with 100 uM mustard on the
formation of a retarded complex. With non-alkylated RNA in the
presence of cycloheximide (lane 3), a stable complex was formed
(cycloheximide was included to inhibit the activity of peptidyl
transferase). This complex was not apparent when the reaction
was performed in the absence of cycloheximide (lane 4)
indicating that the complex had dissociated following translation
of the RNA. In the presence of both mustard and cycloheximide
(lane 5), the retarded complex was also formed. However, when
alkylated RNA was incubated with the lysate in the absence of
cylcloheximide (lane 6), this complex was still apparent.

DISCUSSION

Transcription and translation

Alkylation of the DNA template may have a number of effects on
transcriptional processes. Firstly, it has been shown using
prokaryotic in vitro transcription systems that alkylation of a
DNA template by nitrogen mustard causes termination of
transcription, resulting in truncated RNA molecules and a
decreased amount of full-length RNA (23,24). These transcrip-
tional blockages occur at all alkylated guanine sites on the
template strand (23) and therefore presumably at all sites of
interstrand crosslinking (although this has yet to be confirmed).
Secondly, it has also been demonstrated that alkylation of the

promoter region increases the stability of the initiated ternary
transcription complex and results in decreased elongation activity
of the RNA polymerase (25). In addition, since a number of
potential 5'-GNC DNA interstrand crosslinking sites (26) exist in
the promoter region of the DNA used in this study, alkylation of
these sites could result in impairment of formation of the open
complex. All of these documented effects would result in a
decrease of transcriptional activity and, consequently, a decreased
amount of full-length RNA transcript. Because alkylated DNA
gives rise to the formation of truncated transcripts, it follows that
truncated polypeptides should also be formed.

In the present work, a decreasing amount of full length protein
was observed after alkylation of DNA by low levels of mustard
in the coupled transcription and translation system but this was
not accompanied by detectable levels of truncated polypeptides.
It therefore seems likely that either the translation machinery only
recognises and processes the full-length RNA transcript, or that
the incomplete transcripts are rapidly degraded. The protection of
mRNA from the action of nucleases as it is synthesised and enters
the translation machinery is achieved, at least in part, by its
association with sequence-specific RNA binding proteins and the
presence of a poly(A) tail (27). The role of the poly(A) tail in the
stability of mRNA is a well documented phenomenon and several
pathways of degradation of deadenylated RNA have been
reported: 3'-5' exonucleolytic degradation (27); 5'—3' exonu-
cleolytic decay; sequence specific internal cleavage (28). The

 at Pennsylvania State U
niversity on Septem

ber 15, 2016
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/


Nucleic Acids Research, 1995, Vol. 23, No. 17 3513

1 2 3 4 5 6

mustard
cvcloheximide
lysate

Retarded RNA
Complex

Free RNA

Figure 5. Effect of mustard alkylation on the formation of retarded RNA
complex. The autoradiogram of a 5% non-denaturing polyacrylamide gel
mobility shift assay of the formation of the labelled RNA and ribosomes (and/or
specific proteins). The retarded RNA complexes were formed by incubating
labelled RNA with the rabbit reticulocyte at 30°C for 2 h. Lanes 1 and 2
represent unalkylated and alkylated RNA respectively with no lysate added.
Lanes 3-6 represent RNA incubated with rabbit reticulocyte lysate with either
alkylated RNA (lanes 5 and 6) or unalkylated RNA (lanes 3 and 4).
Cycloheximide was present in the reaction mixtures of lanes 3 and 5.

poly(A) sequence is also known to play a significant role in both
the initiation and efficiency of translation and this has been the
subject of recent reviews (29,30). Munroe and Jacobson (30)
suggested that the poly(A) tail and the poly(A) binding protein are
necessary for the formation of the 80 S initiation complex and act
to enhance translation. Transcripts lacking either the RNA
binding protein recognition sequences or the poly(A) sequence
would therefore be expected to be rapidly either degraded or
inefficiently translated.

Translation

There were two major effects of mustard alkylation of the RNA
template on translation. The amount of the 62 kDa luciferase
protein decreased with increasing mustard concentration and
truncated polypeptides of discrete lengths were also synthesised.

The fact that the number of polypeptide chains initiated from
an alkylated RNA template remained constant (Fig. 2B, panel B),
irrespective of prior treatment with differing levels of mustard,
shows unequivocally that all polypeptide chains are either
terminated at alkylation sites, or else reach full-length. This
therefore suggests that mustard alkylation of the RNA template
does not affect the initiation of translation in this system. The
decrease of full-length polypeptides with increasing mustard
levels is therefore completely accounted for by an increasing level
of truncated polypeptides. The '19 kDa' truncated product
presumably represents a range of polypeptides of-19 kDa. The
amount of these truncated products increased dramatically with
increasing mustard level (Fig. 2B, panel A insert) and therefore
there was a concomitant decrease in the number of ribosomes
reaching the alkylation sites which give rise to the longer

truncated products. Mustard effects at these sites are therefore less
apparent because of the reduced amount of ribosome reaching
these sites. Truncated polypeptides presumably arise from
termination of translation elongation at major mustard alkylation
sites (monoadducts or intrastrand crosslinks) or alternatively, at
secondary structure sites which are stabilised by mustard
alkylation.

If the truncated polypeptides arise from blockage of ribosomes
at alkylated sites on the RNA, this implies that there are specific
sequences on the RNA which are particularly susceptible to
alkylation. The sequence specificity of mustard alkylation of
RNA is presently not known. However, since DNA is known to
be preferentially alkylated at runs of contiguous guanine residues
(9-11) and alkylguanine derivatives are the major product of
RNA alkylation by sulfur mustard (31), the luciferase RNA was
analysed in terms of the occurrence of Gn sequences (n = 2-4).
However, there was only a limited correlation between the length
of the truncated polypeptide and the length of the RNA message
up to the potential alkylation site. Shooter and co-workers (31)
were also unable to detect any correlation between the relative
number of alkylguanine derivatives (in a RNA-containing
bacteriophage ̂ 2) and plaque forming ability, and have suggested
that other minor alkylation products may be responsible for
inactivation of the phage. Furthermore, the response of the
ribosome to alkylation sites on RNA is currently not known. The
ribosome may readthrough some sites and the truncated polypep-
tides may reflect a subpopulation of the total alkylation sites on
the RNA.

An alternative explanation for the cause of truncated polypep-
tides is that they may be due to regions of secondary structure of
the RNA. Mustard alkylation may add stability to such structures.
Such a mechanism for termination of translation has previously
been reported (32-34). The relationship of secondary structure to
RNA translation is complex and reflects a number of variables,
including size, position and stability of the secondary structures,
as well as the cellular environment and potential destabilisation
of the duplex by a variety of translational processes (35). The
ability of ribosomes (and/or specific proteins) to bind to alkylated
RNA was probed by a gel mobility shift assay. Under the
experimental conditions used, a stable complex was induced by
alkylated RNA. A likely explanation for this observation is that
when a ribosome complex reaches an alkylation site or stabilised
secondary structure on the alkylated RNA molecule, the proces-
sivity is blocked and the ribosome remains associated with the
RNA. The biological consequences of such trapping of ribosomes
(and/or proteins) on alkylated RNA sites are yet to be determined
but from the present data it is likely that this trapping results in
termination of translation. It should be noted that while this
interpretation is reasonable, it is completely speculative at this
stage. Additional experiments are now in progress to confirm the
nature of the retarded complexes.

There are conflicting reports regarding the effects of RNA
modification on the translated product. Grunberger and co-
workers (36) demonstrated that the binding of benzo[a]pyrene
diolepoxide to mRNA blocks incorporation of amino acids into
proteins but did not result in truncated polypeptides. They showed
however that modification of the mRNA inhibits formation of the
initiation complex, probably by disruption of the ordered
secondary structure of the mRNA, making it less recognisable to
ribosomes and initiation factors. In contrast, others have reported
that benzo[a]pyrene diolepoxide alkylation of the RNA inhibits
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Figure 6. Diagrammatic summary of the effects of alkylation of the DNA and
RNA templates by nitrogen mustard on the translated products.

elongation of the translation complex, resulting in premature
termination of the growing polypeptide chain (37). The present
study has clearly demonstrated that translation of the alkylated
RNA template is inhibited during the elongation phase (rather
than at initiation) resulting in the formation of truncated
polypeptides. However at this stage it is not possible to define the
mechanism of induction of truncated polypeptides by nitrogen
mustard and future work will now be directed towards elucidating
the molecular processes involved in the formation of these
truncated polypeptides.

Relative effects of DNA and RNA alkylation

Protein synthesis was inhibited by 50% when the DNA and RNA
template were alkylated by 30 and 300 nM mustard, respectively.
It therefore appears that the DNA template is some 10-fold more
susceptible than RNA to the effects of alkylation by nitrogen
mustard. This suggests that transcription is a more readily
hindered process than translation and hence DNA is probably the
more sensitive target for the mode of action of mustards. This
conclusion is consistent with other studies involving mustard
effects in situ (13-16). This may reflect either the differences in
rates of mustard alkylation of the DNA and RNA templates
(which are currently not known), or the differences in the
response of RNA polymerase to alkylated DNA template
compared to the response ribosomes to an alkylated RNA
template (or a combination of both effects). The greater reactivity
of DNA arises from the double helical structure which results in
a higher nucleophilicity for alkylation compared to that of single
stranded RNA (38). The overall effect of alkylation of this
preferred target site is a combination of inhibition of replication,
inhibition of transcription and a consequential effect on translation

through the production of non-functional rnRNA. Since these
effects occur at biologically relevant concentrations (10 nM), it is
likely that such processes also occur in vivo. These effects
therefore have implications for both the toxic, mutagenic and
carcinogenic properties, as well as anticancer activity of this
group of compounds.

Overall, nitrogen mustard alkylation of the DNA and RNA
templates has two different effects on the type and quantity of
translated products and this is summarised diagrammatically in
Figure 6. The alkylated DNA template yields a single polypeptide
corresponding to the full-length protein. Previous studies have
shown that transcription of mustard alkylated DNA in prokaryotic
systems results in the formation of truncated RNA transcripts. If
the same process occurs in eukaryotes, then it appears that these
truncated transcripts are either degraded or are non-functional
templates, with only full-length transcripts (with a poly(A) tail)
being translated. When alkylated RNA was used as the template,
a range of truncated polypeptides was formed in addition to the
full-length product. Mustard alkylation therefore appears to
terminate the translation elongation complex at alkylation sites,
although the effect of RNA secondary structure cannot yet be
completely discounted. Further studies are required to understand
the possible implications of the effects of mustard binding to
nucleic acids in terms of disruption of all aspects of gene
expression. In particular, determination of the sequence specificity
of mustard alkylation of RNA and the response of ribosomes to
this alkylation, are issues which are currently being addressed.
This information will greatly enhance understanding of the
biological significance of mustard-induced truncated polypeptides.
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